Cr 2 Ge 2 Te 6 has been of interest for decades, as it is one of only a few ferromagnetic insulators. Recently, this material has been revisited due to its potential as a substrate for Bi 2 Te 3 , a topological insulator. This enables the possibility of studying the anomalous quantum Hall effect in topological insulators, and a route to novel spintronic devices. To probe the compatibility of these two materials, we use polarized variable temperature Raman microscopy to study Bi 2 Te 3 -Cr 2 Ge 2 Te 6 heterostructure as well as the phonon dynamics of Cr 2 Ge 2 Te 6 . We found the temperature dependence of the Cr 2 Ge 2 Te 6 phonons results primarily from anharmonicity, though a small magneto-elastic coupling is also observed. Our results confirm the potential of Cr 2 Ge 2 Te 6 as a substrate for topological insulators.
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Recently this material has been revisited due to its small lattice mismatch with the topological insulator Bi 2 Te 3 , making it an ideal candidate as a substrate for novel devices.
2 Indeed, if Cr 2 Ge 2 Te 6 has a strong magnetic exchange with the Bi 2 Te 3 film, it is predicted to reveal the anomalous quantum hall state. [3] [4] [5] This may enable future topological and spintronic devices. Nonetheless this requires cooling below the T c of the Cr 2 Ge 2 Te 6 , and thus it is important to establish the compatibility between the two materials at low temperatures. Furthermore, since the materials are van-der-waals bonded, magneto-elastic coupling between them is a likely exchange pathway. Thus understanding the phonon dynamics in Cr 2 Ge 2 Te 6 is crucial for determining its suitability as a potential substrate for topological devices.
Temperature dependent Raman scattering has been widely used to probe phonon dynamics as well as check the compatibility of compounds. [6] [7] [8] Indeed, one can monitor the phonons and their respective symmetry to ensure no major change in the lattice occurs upon cooling, by controlling the polarization of the excitation source and detected photons.
9,10 Also, the temperature dependence of the Raman scattering can uncover the magneto-elastic coupling.
11 In this letter, we first check the compatibility between Bi 2 Te 3 and Cr 2 Ge 2 Te 6 by performing Raman measurements at 293 K and 10 K on a Bi 2 Te 3 -Cr 2 Ge 2 Te 6 heterostructure. Then, we focus on the polarized temperature dependent Raman spectra of Cr 2 Ge 2 Te 6 , which reveal no major changes in the lattice at low temperaa) Electronic mail: ks.burch@bc.edu tures. Furthermore we find the phonon temperature dependence is primarily governed by anharmonicity, though there are also small magneto-elastic effects. Thus lattice compatibility between Bi 2 Te 3 and Cr 2 Ge 2 Te 6 is maintained at low temperatures, and the magneto-elastic effect may provide a route to coupling between the two.
The heterostructure in this study was grown by MOCVD deposition of Bi 2 Te 3 on Cr 2 Ge 2 Te 3 . The single crystal Cr 2 Ge 2 Te 6 was grown with high purity elements heated to 700 o C. Detailed growth procedures of both materials can be found elsewhere. 2 The Raman spectra on the heterostructure were taken in a backscattering configuration with a home-built Raman microscope. A Tornado Hyperflux U1 spectrometer with a cooled Andor iDus charge-coupled device(CCD) was used to record the data. Two Ondax Ultra-narrow-band Notch Filters were used to reject Rayleigh scattering. This also allows us to observe both Stokes and anti-Stokes Raman shifts. A solid-state 532 nm laser was used for the excitation. The sample was glued by silver paint onto a copper mount sitting in a commercial optical microscopy cryostat from Cryo Industries of America, Inc. A glass compensated Mitutoyo long working distance 50x (N.A.=0.42) objective was used for excitation as well as collection, resulting in a laser spot of 8 µm in diameter. The laser power was kept fairly low (300 µW) to avoid laser-induced heating. This was checked at 8 K by monitoring the anti-Stokes signal as the laser power was reduced. Once the antiStokes signal disappeared, the power was cut an additional ≈ 50%. The spectra were recorded with a polarizer in front of the spectrometer. film (100nm). The phonon peaks of Bi 2 Te 3 at 293 K agree very well with the literature.
12 As temperature decreases, the three phonons slightly harden and become sharper at 10 K, which we attribute to anharmonic renormalization. No new modes or dramatic changes in the spectra were observed. This suggests Cr 2 Ge 2 Te 6 and Bi 2 Te 3 are well matched.
To confirm the compatibility of these two materials, we focused on the temperature dependent Raman spectra of Cr 2 Ge 2 Te 6 . This analysis was complicated by the oxidation of the Cr 2 Ge 2 Te 6 surface. Indeed, it is well known that exposure to air can result in oxides on the surface that dominate the Raman spectra. 13 The strong aging effect was also observed in Cr 2 Ge 2 Te 6 . In FIG.2 we show the Raman spectra of air-exposed and freshly cleaved Cr 2 Ge 2 Te 6 samples. The air-exposed sample reveals fewer phonon modes, that are also quite broad, suggesting the formation of an oxide. A similar phenomena was also observed in other materials.
14 In FIG.3 . While the small temperature induced shifts in the phonons suggests no major change in lattice constant, as discussed below, we can also search for symmetry breaking by looking at the polarization dependence.
From group theory analysis, the space group of single crystal Cr 2 Ge 2 Te 6 is R-3 (No.148). The point group is C 3i . There are six inequivalent irreducible representations in the C 3i point group. They are A g , E 1g , E 2g , A u , E 1u and E 2u respectively. All irreducible representations for the C 3i point group are one dimensional. However E 1g and E 2g are inequivalent conjugate representations. In this case, if the time reversal symmetry is not broken, the eigenstates of E 1g and E 2g representation are degenerate. This holds for E 1u and E 2u representations as well. In the Cr 2 Ge 2 Te 6 unit cell, there are 10 atoms which gives 30-phonon branches at the Γ point of the Brillouin zone. The 30 phonon branches are Γ acoustic = A u + E 1u + E 2u and Γ optical = 5A g + 4A u + 5E 1g + 4E 1u + 5E 2g + 4E 2u respectively. Because, the space group R-3 has inversion symmetry, theoretically all the optical modes are either IR-active or Raman-active. The IR-active modes are 4A u + 4E 1u + 4E 2u and the Raman-active modes are 5A g + 5E 1g + 5E 2g . Here, the letter A means the phonon is non-degenerate and E means the phonon is doubledegenerate for the reason explained above. We expect to see 10 Raman-active modes, because the E 1g and E 2g mode are not distinguishable by energy. In the Raman spectra (Fig. 3) , 6 modes were observed, the other four phonons might be too weak or out of our spectra range.
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To analyze the polarization dependence, it is instructive to consider the relationship between the Raman tensor for a given mode (R) and the measured intensity I R , phonon of A g , E 1g and E 2g symmetry are shown below.
From the Raman tensor, we know that all three modes should be visible in the colinear polarized(XX) geometry and the A g modes should vanish in crossed polarized(XY) geometry (note the absence of off diagonal elements in A 1g ). To gain insight into the symmetry of the modes, we compare the spectra taken at 8 K in XX and XY configurations. As can be seen from FIG.4 , only the two modes located at 138.8 cm −1 and 297.4 cm −1 vanish in XY configuration. Therefore these two modes are of A g symmetry, and the other four modes are of E g symmetry. Furthermore we confirmed the symmetry is maintained at all temperature measured (not shown).
In order to analyse the phonon temperature dependent behavior, we used the Lorentz model to fit each individual phonon peak at all temperatures. The mode located at 78.7 cm −1 has relatively low intensity between 100 K to 300 K, and thus was excluded from our fitting procedure. We show the resulting phonon frequencies in FIG.5 , which all harden as temperature is decreased. This result is not surprising since the anharmonic interaction leads to a renormalization of the phonon self energy by both decay and fusion processes. However, the fusion process, where two or more phonons fuse into a zone-center phonon, is usually very slow due to the low population of phonons at low temperature. 16 This indicates that the scattering is almost exclusively governed by the decay process. Ultimately, this results in a temperature dependent renormalization of the real (frequency) and imaginary (inverse lifetime) parts of the phonon self-energy. To further quantitatively analyze the anharmonic effect, we use a simple model which takes the cubic and quartic anharmonic decay into account. In this model, the temperature dependence of the phonon frequency is described by the formula, mode. The resulting parameters for the anharmonic interaction are shown in Table. I. From the table we can see that the four-phonon interaction is much weaker, as is expected. 17 Below T c , the mode at 212 cm −1 shifts more rapidly than the than the prediction of the anharmonic model. This is likely caused by magneto-elastic coupling in Cr 2 Ge 2 Te 6 .
11,18
In summary, we verified the compatibility of Bi 2 Te 3 -Cr 2 Ge 2 Te 6 heterostructure by Raman spectroscopy at 10 K and 293 K. The stability of the Cr 2 Ge 2 Te 6 single crystal was also studied using polarized variable temperature Raman spectroscopy. Six phonons were observed and they were explained by anharmonic interaction. A weak sign of the magneto-elastic coupling has also been observed, suggesting an additional pathway for magnetic coupling between the two materials. Thus we have shown the utility of using Cr 2 Ge 2 Te 6 as a substrate for future devices.
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